Abstract: This paper discusses the trajectory-following issues for autonomous redundant non-holonomic mobile modular manipulators. An integrated dynamic modelling method is proposed. A Robust Adaptive Neural Fuzzy Controller (RANFC) is presented to control the end-effector to follow desired spacial trajectories. The proposed algorithm provides a new solution to stabilise redundant robotic self-motions. The RANFC does not need precise a priori dynamic parameters and can suppress bounded external disturbance. Furthermore, the RANFC does not need any off-line training phases and can incorporate human expert knowledge easily. Simulation results for a real mobile modular manipulator validate the proposed algorithm.
Introduction
Modular manipulators have attracted numerous researchers in the past decades owing to their reconfigurability and adaptability. Traditionally, modular manipulators are mounted on a fixed base whose mobility is constrained in a limited space. To extend the moving range of the manipulator, a mobile platform is attached to its bottom base. This combination extends the workspace of the entire robot drastically. However, dynamic modelling and trajectory following become difficult to achieve owing to the interactive motions between the mobile platform and the onboard modular manipulator. If a mobile modular manipulator has more Degrees of Freedom (DoFs) than required, it is a redundant one. Self-motions of the redundant mobile modular manipulator may lead to torque instability. Neural Networks (NNs) and Fuzzy Logic Systems (FLS) have been widely used for robotic control because of their ability to approximate arbitrary linear or non-linear systems in a compact set. As a combination of these two techniques, NeuralFuzzy System (NFS) possesses both of their advantages, i.e. low-level learning and computational power of NNs and high-level human-like IF-THEN rule thinking and reasoning abilities of FLS. Conventional control schemes may be failed to control a mobile modular manipulator because of such uncertainties as complex non-linear frictions, flexibilities, payload variations, interactive motions and terrain irregularities. To overcome these problems, the RANFC is proposed, which does not need precise a priori knowledge of dynamic parameters and has strong external disturbance suppression ability. No off-line training is needed in the RANFC, so the trouble of collecting training samples can be avoided. Moreover, the adjustable parameters for the RANFC can be initialised according to expert experience.
In related research works on modular manipulators, a neuro-fuzzy architecture was presented for position control of modular and reconfigurable robots in Melek and Goldenberg (2003) . FLS and back-propagation NN were used for parameter identification and vibration control of redundant modular manipulators in . A numerical inverse kinematics algorithm for modular reconfigurable robots with branching geometry was proposed in Chen and Yang (1998) . As for mobile manipulators, the effect of the dynamic interaction between the manipulator and the mobile platform of a mobile manipulator on the task performance was studied in Yamamoto and Yun (1996) . Simultaneous trajectory following of non-holonomic mobile manipulators was investigated in Li and Liu (2005a,b,c) . A motion-planning method applicable to articulated non-holonomic robots with guaranteed collision avoidance and convergence properties was proposed in Tanner, Loizou and Kyriakopoulos (2003) . With respect to robotic control using FLS, NNs and NFS, a series of Radical Basis Function (RBF) NNs were adopted for dynamic modelling and an adaptive controller was devised for taskspace trajectory following of robotic manipulators in Ge, Hang and Woon (1997) . A multi-layer NN controller, which did not need off-line learning was designed to control rigid robotic arms in Lewis, Yegildirek and Liu (1996) . An intelligent planner and a fuzzy-neural position/force controller were proposed for robotic control in Kiguchi and Fukuda (1997) . A new type of linguistically defined adaptive fuzzy sliding-mode controller was proposed in Berstecher, Palm and Unbehauen (2001) . A robust adaptive control architecture was proposed for a class of continuous-time non-linear dynamic systems preceded by a backlash-like hysteresis in Su et al. (2000) . Extensive research work had been done on redundant manipulators and redundancy had been widely utilised for singularity removing (O'Neil, Chen and Seng, 1997) , collision avoiding (Li and AU: According to our publisher style, we should follow (2005a,b,c), so we are retaining it.
Liu, 2005), physical limit preventing (Zhang, Wang and Xu, 2002) , and tip-over avoiding (Li and Liu, 2005a,b,c) . A disturbance-observer-based controller was proposed for kinematically redundant manipulators to control the motion of the end-effector, as well as the null-space motion in Oh and Chung (1999) . The torque instability phenomena for redundant manipulators was reported in Park, Chung and Youm, (2002) .
In the previous research works, modular manipulators were usually supposed to be mounted on a fixed base, but few research works can be found on mobile modular manipulators, even less for redundant non-holonomic mobile modular manipulators. Furthermore, modelling for the mobile platform or for the manipulator was usually carried out separately and control for the mobile platform was mostly limited to kinematic velocity control, but there were few works on dynamic torque control. In this paper, according to the modular robot concept, the mobile platform is treated as a special module attached to the bottom of the modular manipulator and the two driving wheels of the mobile platform are treated as special joints in . Then according to the modular robot concept, the entire mobile modular manipulator is modelled as an integrated structure and dynamic torque control is achieved.
This paper is organised in five parts with the following part establishing the dynamic model for the entire redundant non-holonomic mobile manipulator. In Section 3, the RANFC is designed in task space to control the end-effector following a desired trajectory. In Section 4, a simulation is carried out on a real redundant non-holonomic mobile modular manipulator to verify the effectiveness of the RANFC proposed in this paper. Finally, some concluding remarks are given in Section 5.
An integrated modelling method
In this paper, a redundant non-holonomic mobile modular manipulator composed of a three-wheeled non-holonomic mobile platform and a N-DoF modular manipulator is analysed, as shown in Figure 1 . Redundancy is a relative concept: as long as the DoF in task space is less than that in joint space, it can be called a redundant one. In this paper, we consider only the end-effector positions x = [p x p y p z ] T i.e. the DoF in task space is m = 3. Considering that the non-holonomic mobile platform has two independent DoFs, if the independent DoF of the modular manipulator N > 1, the entire robot will be redundant.
Let the mobile platform move on a horizontal plane. The coordinate system can be defined as follows: an arbitrary inertial base frame O B X B Y B Z B is fixed on the motion plane, while a frame O m X m Y m Z m is attached to the mobile platform. The kinematics of the mobile platform can be decided by three parameters: coordinates of the centre O m (x m , y m ) and the heading angle m . In Figure 1 , d m and r f denote the distance between the two fixed wheels and the radius of the fixed wheels; L and R are rotating angles of the left wheel and the right wheel, respectively; l G is an offset of the first module of the modular manipulator with respect to O m ; G is the joined point of the modular manipulator with the mobile platform.
By taking the mobile platform as a special module added to the modular manipulator base, which can both move on the plane .
Figure 1 A real mobile modular manipulator and its diagram
On the assumption of low velocities, the wheels of the mobile platform have no slip on forward, reverse and sideways. Define generalised coordinates for the mobile platform as
, then the non-holonomic velocity constraints for the mobile modular manipulator can be described as follows (de Wit et al., 1996) :
In short 0. A Solving Equation (1), we can obtain
In short .
T L R S
It can be easily verified that:
T be the coordinates in joint space and task space, respectively. Let = [ T q 1 q 2 q N ] T be the extended coordinates. Then the Jacobian matrix can be derived by 
In short ( ).
T x J S
The Lagrange function can be calculated by The constrained dynamics for the non-holonomic mobile modular manipulator can be determined as follows (de Wit et al., 1996) : end-effector. Equation (6) can be rewritten as:
where H and V represent the inertial and coriolis matrices; G denotes the gravitational force vector.
From Equation (4), we can obtain:
Solving Equation (8) 
where † 1 
Controller design
Then, from the definition of , x we can obtain:
Define Ed d ,
x x x then we can obtain the error system as follows:
E r E r e t x t x t x t x t e t r t x t x t
where r(t) is the tracking error measure; n n is a constant positive definite matrix.
From Equation (13), we can obtain:
E r r E r x t x t r t x t x t e t x t x t r t (14)
Substituting Equation (14) into Equation (10), yields:
H r t V r t H x V x G (15)
Theorem 1. The Multiple Input Single Output (MISO) FLS with centre average defuzzifier, product inference rule and singleton fuzzifier and Gaussian membership function, can uniformly approximate any non-linear functions over a compact set n U to any degree of accuracy, details can be found in Wang (1994) . If the FLS described in Theorem 1 is realised by a NN, we can obtain a NFS, as shown in Figure 2 (13) and (14), we can see that h k (k = 1, , n) are bounded and belong to compact sets as long as the Jacobian matrix J keeps full rank. Then, according to the universal approximation theorem mentioned earlier, can be approximated by MISO NFS in the form of Figure   2 . Define The RANFC presented in this paper is given by Equation (20) and a control system diagram is shown in Figure 3 . 
where NFS n h forms the adaptive neural fuzzy term; 
Substituting Equations (20) and (17) into Equation (15) and considering Equation (10) at the same time, yields:
Theorem 2. If 0, 0, (22) is asymptotically stable under the adaptation laws given by Equation (23). The error signals are convergent with time, i.e. e(t), (t) 0, as t + . Furthermore, the signals in the system are all bounded.
According to Equation (21), we can obtain:
From Equations (25) and (30) It is obvious that the higher-order terms in Equation (19) are bounded, so . K l Then, from Equation (22), we can see that ( ) . r t l 3 Due to r(t) l 2 and ( ) , r t l we can conclude that r(t) 0 as t + , which is followed by (t) 0. This is the end of proof.
Remark 5. Compared with such traditional control schemes as PID, model-based controller etc., the RANFC presented in this paper does not rely on exact dynamic parameters and can suppress bounded external disturbances effectively. Unlike conventional NN controllers, the adjustable parameters for the RANFC are initialised according to human knowledge but not selected at random, so the convergent speed can be accelerated dramatically. Furthermore, since no off-line training is needed, such tasks as collecting training samples can be avoided.
Simulation results
To verify the effectiveness of the integrated dynamic modelling method and the RANFC controller presented in this paper, a simulation is carried out on a real redundant nonholonomic mobile modular manipulator, as shown in Figure 1a . The robot is composed of a three-wheeled non-holonomic mobile platform and a 4-DoF onboard modular manipulator.
From Figure 1a , we can see that the last joint (Joint 4) has no influence on the positions of the end-effector, so N = 3 in this case. Then, according to the analysis above, the redundancy degree is n -m = 2.
In Equation (10) and (20), replacing x E by x, J E by J, and † E J by J † , we can obtain a dynamic equation and a RANFC without considering self-motions of the redundant nonholonomic mobile modular manipulator. Simulations are carried out with respect to these two cases. In case of considering self-motions, k = 5, NFS is adopted and the parameters adopted are: N i = 28, N r = 200. In case of not considering self-motions, k = 3, NFS is adopted and the parameters adopted are: N i = 22, N r = 200. Simulation time are both selected as 10 sec. The gain matrices and constants used in the simulation are selected as follows: Figure 5c gives the selfmotion velocities. The desired locus and the controlled one are both shown in Figure 5d . Time-variant control torques are shown in Figure 6 . From these figures, we can see that the RANFC presented in this paper can be used to control the end-effector of the redundant non-holonomic mobile modular manipulator to follow a desired spacial trajectory. 
Conclusion
A general redundant non-holonomic mobile modular manipulator composed of a threewheeled non-holonomic mobile platform and a N-DoF modular manipulator is investigated in this paper. According to the modular robot concept, an integrated dynamic modelling method is proposed in consideration of non-holonomic constraints and selfmotions caused by redundancy. A RANFC is presented to control the end-effector to follow a desired spacial trajectory. The proposed controller does not need exact dynamic parameters in advance and can suppress bounded external disturbance effectively. Furthermore, the adjustable parameters can be initialised according to expert knowledge, and no offlline learning phase is needed. Simulation results validate the dynamic modelling method and the controller design method. During simulations, a comparison between the control algorithms with considering self-motions and without considering self-motions is made, which demonstrates that the control of self-motions for a redundant non-holonomic mobile modular manipulator is of great requisite. The simulation is carried out on a redundant non-holonomic mobile modular manipulator. However, the dynamic modelling method and the RANFC proposed in this paper can easily be extended to study other redundant mobile manipulators as well.
